The interaction between the Plasmodium vivax merozoite Duffy binding protein region II (DBPII) and the human erythrocyte Duffy antigen leads to infection. Highly polymorphic regions of this protein may have arisen as a mechanism to avoid host immunity. To examine whether immunity to P. vivax is directed against these polymorphic regions of DBPII, ageassociated changes in the frequency of specific DBPII alleles among 358 P. vivax-positive Papua New Guineans were examined. Although the overall number and diversity of DBPII haplotypes simultaneously infecting an individual decreased with increasing age, only certain alleles at particular loci declined in frequency, indicating preferential immune selection against these alleles. One such polymorphic locus formed part of a B cell epitope, and antibodies from exposed individuals differentially recognized alleles at this locus. Therefore, acquisition of strain-specific age-acquired immunity is partially directed against polymorphic motifs within P. vivax DBPII, suggesting that these polymorphisms are maintained and likely arose under immune pressure in the host.
. Sequence polymorphisms of Plasmodium vivax Duffy binding protein region II from 10 samples. Positions 235-521 were sequenced; the sequences shown are either those in which mutations are present in у2 cloned samples or those that had been identified previously [11] [12] [13] 19] . However, since Taq-polymerase error is predicted to be low (i.e., bases sequenced) [20] [21] [22] [23] , 58 unique mutations were identified, 5 ∼ 3 ϫ 10 as shown in GenBank accession numbers (AF469515-AF469602).
To address these predictions, we examined the allelic diversity associated with the dbpII gene from P. vivax-infected subjects living in an area highly endemic for vivax malaria. Sequencing of the dbpII gene from field isolates identified the most common polymorphic loci in this population. Using restriction fragment-length polymorphism (RFLP) analysis, we examined the frequency of common polymorphic alleles in all P. vivax-infected subjects, to estimate how the relative frequency of these alleles changes with increasing age.
Subjects, Materials, and Methods
Study site and population. Study subjects resided in 3 adjacent villages, collectively referred to as "Liksul," located 50 km north of Madang, Papua New Guinea (PNG), directly across from Kar Kar Island. The villages extend 1-2 km inland from the ocean, along rugged coastal hills. Residents belong to the Bargam ethnic and language group (http://www.ethnologue.com/country_index .asp). Subsistence farming and copra (dried coconut meat yielding coconut oil) production are the principal occupations. Inhabitants receive malaria treatment at a nearby health center. In June and July 1999, a demographic survey of the total population of Liksul was undertaken.
Enrollment in study and blood-smear testing for malaria Between May and August 2000, 1025 inhabitants (93% of the censused population) each provided a peripheral-blood sample collected into an EDTA Vacutainer tube (Becton Dickinson). Thick and thin blood smears were stained with 4% Giemsa and examined under oil immersion (magnification, ϫ100). We counted the number of parasites per 200 leukocytes and, using a standard leukocyte count of 8000/mL, converted this number to parasites per microliter of blood.
DNA preparation and polymerase chain reaction (PCR) amplification of genes encoding merozoite surface protein P. vivax merozoite surface protein (msp-3a) and dbpII. DNA was extracted from 200 mL of individual whole-blood samples by spin blood kits (Qiagen), according to the manufacturer's protocol. The final extract was eluted with 200 mL of deionized distilled water and was stored at Ϫ20ЊC. P. vivax msp-3a PCR was done as described elsewhere [14] . Region II (amino acids at positions 285-521) of the P. vivax dbp was amplified by primers complementary to conserved regions of this gene. Nest I forward and reverse primers were 5 -GATAAAACTGGGGAGGAAAAAGAT and 5 -CTTATCGG-ATTTGAATTGGTGGC, respectively. The nest I reaction (25-mL reaction volume) was done using 1.0 mL of template, 1.5 mM MgCl 2 , 100 nM each dNTP, 5 pmol of each primer, and 1.25 U of Platinum Taq polymerase (Life Technologies) in the supplied buffer. The nest I cycling conditions were as follows: initial denaturation for 2 min at 94ЊC; 5 cycles of 1 min at 94ЊC, 2 min at 59ЊC, and 2 min at 72ЊC; 30 cycles of 1 min at 94ЊC, 1 min at 54ЊC, and 2 min at 72ЊC; and a final extension for 10 min at 72ЊC. One microliter of the product of the nest I reaction was used in the nest II reaction, as template. Nest II forward and reverse primers were 5 -GATCGAAGATATCAATTATGTA and 5 -TATCATAAGG-AGTTACGATAC, respectively. The reaction and cycling conditions for the nest II reaction (50-mL reaction volume) were similar to those of nest I conditions, except that 53ЊC was used as the annealing temperature in the first 5 cycles and 48ЊC was used as the annealing temperature in the last 25 cycles.
Ten microliters of the nest II 712-bp amplicons were visualized by electrophoresis on a 1% agarose gel in 1ϫ TAE (Tris-acetate-EDTA) buffer with 0.5 mg ethidium bromide/mL. The PCR products were purified from the agarose solution by the Quiquick Gel Extraction Kit (Qiagen), which was used according to the manufacturer's protocol. The products were eluted with 30 mL of the supplied elution buffer and were cloned directly into the pCR2.1-TOPO cloning vector, by a TOPO-TA cloning kit (Invitrogen). Seven to 10 cloned species-specific inserts for each sample were sequenced from prepared template (Qiagen), by vector-based extended M13 and forward and reverse primers. DNA sequencing was done at Case Western Reserve University (Cleveland) by fluorescence-based methodologies using an automated DNA sequencer (Applied Biosystems 377).
DBPII sequence analysis. The sequence alignments were analyzed by a sequence alignment editor (version 4.8.8; BioEdit) [15] . The number of nonsynonymous and synonymous sites for the DBPII region was calculated, using confirmed mutations for each sequence according to the Nei and Gojobori method 16] as implemented by the MEGA 2.0 software program [17] . Negative selection acts on most coding genes because nonsynonymous mutations are usually not advantageous; thus, the nonsynonymous-mutation rate (K n ) will be less than the synonymous-mutation rate (K s ) (i.e., K n ! K s ). However, when positive selection is acting on a gene, nonsynonymous mutations can be beneficial (e.g., to avoid the host immune response), and K n will exceed K s (i.e., K n 1 K s ).
RFLP analysis. For 8 of the polymorphic sites (4 synonymous sites and 4 nonsynonymous sites) within the amplified region of PvdbpII, restriction enzymes were used to determine whether a mutation was present. PstI (K293K), AflII (L333F), FspI (R387R), HaeIII (K386N), and AflIII (S447K) (all from New England BioLabs) cut the amplicons identical to the Sal-1 sequence once within their respective restriction sites. Each of these sites, however, was eliminated by a mutation, thus creating a different restriction pattern. For example, AflII, recognized and cut the sequence at position 333 (CTT; leucine), producing 145-and 567-bp fragments; AflII did not cut when the single-nucleotide polymorphism altered the codon encoding phenylalanine (TTT), because the restriction site was altered. The restriction site for AflIII is located within positions 445-447 in the Sal-1 sequence. Polymorphic residues have been identified for V446V and S447K. The infrequent synonymous mutation at V446V was identified by the restriction enzyme SnaBI (New England BioLabs). Therefore, AflIII was used to identify the first polymorphic site at position 447. SfaNI (New England BioLabs) had 3 restriction sites in the Sal-1 sequence, and a fourth was created by the GrA mutation when the single-nucleotide polymorphism occurred in the amino acid at position 390, creating a different restriction pattern. DdeI (New England BioLabs) has 1 site within the Sal-1 dbpII sequence amplified, and a second site is created by the synonymous mutation at K399K.
Restriction digests for each of the 8 enzymes were performed using 3-10 mL of dbpII amplicons generated from nested PCRs (as described above) and 0.6-1 U of restriction enzyme (depending on the activity of the enzyme). The amplicons were digested for 2-16 h at 37ЊC (depending on the activity of the enzyme) and then visualized by gel electrophoresis on a 1%-2.5% agarose gel in 1ϫ TAE buffer with 0.5 mg of ethidium bromide/mL. If there was any doubt about the quality of a restriction digestion, it was either repeated or not included in the analysis. Antibody response to synthetic peptides. A linear B cell epitope containing the polymorphic residue at position 447 was identified spanning amino acids at positions 445-459, as determined by plasma antibody reactivity to a series of 15-mer overlapping peptides corresponding to the binding motif of DBPII (J. Xainli, M. Baisor, W. Kastens, and C. L. King, unpublished data). Two 15-mer synthetic peptides-YV(S/K)ELPTEVQKLKEK-with 185% purity as determined by high-performance liquid chromatography (Gensys) and corresponding to the lysine (K) and serine (S) alleles at position 447 were synthesized. Peptides were adhered to modified polystyrene plates (Immulon-I microtiter plates; Dynatech) according to a technique described by Ball et al. [18] . Plates were first coated with poly-L-lysine (45-50 kDa; Sigma) at a concentration of 40 mg/mL, in 0.05 M sodium bicarbonate buffer (pH 9.6). Plates were then washed with PBS after a 1-h incubation at room temperature, and 1% (vol/vol) glutaraldehyde (Sigma) was added for 15 min at room temperature. Plates then were washed in PBS, and test peptides were added in PBS at a concentration of 10 mg/ mL, incubated overnight at room temperature, and were washed twice with PBS; and reactive aldehyde sites were blocked by the addition of 1 M glycine for 1 h at room temperature. Plates were blocked with 5% bovine serum albumin and 1% (wt/vol) gelatin (Life Technologies) for 1 h and then were washed in PBS containing 0.05% (vol/vol) Tween (Sigma). Test plasma was added at a 1:10 dilution, incubated overnight at 4ЊC, and was washed; and alkaline phosphatase-conjugated goat anti-human IgG (Sigma) was added at a 1:1000 dilution. For all test samples, both positive and negative control samples were added to each plate, and the reaction was stopped such that optical densities varied !20% between test plates.
Statistics. All statistical tests were done by StatView software (version 5.0.1; SAS Institute). Two-tailed Student's t tests were used to compare all means (e.g., K n vs. K s ). The F test was used to compare variance between the geometric means of parasite densities in children and adults with different alleles at position 447. x 2 Tests were used to test differences in allele and haplotype frequencies, in adults and children. The Mann-Whitney U test was used to test the differences in the number of clones, in adults and children, versus sequence data, since they were measured at the ordinal level.
Results
Prevalence of P. vivax. The prevalences of P. vivax and P. falciparum in the total sample population were 9% (91/1025) and 23% (238/1025), respectively, as determined by blood-smear analysis (table 1) . The highest prevalence occurred in children !5 years of age and steadily declined with increasing age. Nested PCR analysis for the P. vivax genes dbpII (figure 1) and msp3a (results not shown) demonstrated levels of P. vivax infection 3-fold greater than those identified by blood-smear analysis. Samples positive by PCR for dbpII and msp-3a were 82% concordant. The dbpII PCR was more sensitive than the msp-3a PCR, so most disconcordant values resulted from samples that were dbpII positive and msp-3a negative. The prevalence of P. vivax among adolescents and adults was 7-9-fold higher when determined by PCR, compared with the results of blood-smear analysis; in the same comparison, children had only a 2-3-foldgreater prevalence.
Polymorphism in the gene that encodes region II of DBP. Previous studies have examined polymorphisms in dbpII by sequencing 1 [12, 13, 19 ] or a few [11] clones per isolate. To better understand both the diversity of the dbpII alleles and the multiplicity of P. vivax infections within individuals, 7-10 clones were obtained from each of 10 isolates from subjects 4-61 years old, for a total of 88 clones. Figure 1 shows the number of unique mutations calculated by counting either the mutations present clones from у2 samples or mutations that had been identified elsewhere [11] [12] [13] 19] . Additional unique mutations were identified (GenBank accession numbers AF469515-AF469602; also see the legend to figure 1] ).
Twenty-one unique DNA sequences and 17 amino acid haplotypes were identified, representing at least this number of different parasite clones. Some sequences were present in 11 sample. Six of the 10 P. vivax-infected individuals had у1 clone identical, at the amino acid level (sequence A in samples 1, 15, 52, 54, 60, and 200), to the Sal-1 isolate, in the 712-bp region sequenced (figure 1). One other haplotype (O) was also present in 5 (samples 27, 45, 54, 90, and 200) of the 10 samples, and 3 more haplotypes were present in some of the 10 samplesnamely, haplotype C, in samples 7 and 200, and haplotypes T and V, each of which was in both sample 45 and sample 54.
Of the 170 amino acids representing the critical binding motifs of the DBP, polymorphisms occurred at 22 residues (13%). The 4 cysteine residues within the total sequence examined (237 amino acids) showed no polymorphisms, suggesting that these may be critical for the structural integrity of the molecule. Parasites containing different amino acids (compared with the Sal-I sequence) at positions 308, 384, 386, 390, 417, 424, 437, 447, and 503 (figure 1) were present in у3 individuals in the infected population. The same polymorphisms identified at positions 371, 384, 386, 417, 424, 437, and 503 were also present in P. vivax parasites isolated from Colombia and Korea [11, 12, 19] .
Sequence analysis of all clones detected a total of 58 mutations (43 nonsynonymous mutations and 15 synonymous mutations) ), and n p 358 restriction fragment-length polymorphism analysis (for dbpII) was used to determine whether 1 or both alleles were present at 5 common polymorphic residues-those at positions 333, 378, 386, 390, and 447. The presence of both restriction patterns at any of the 5 sites indicated infection with у2 P. vivax clones. Size polymorphisms for msp-3a amplicons were used to estimate the presence of multiple infections.
that differed from the Sal-I variant, although some of these detections could have been due to Taq-polymerase error. As shown in figure 1, 26 mutations (7 synonymous and 19 nonsynonymous) were observed when stricter criteria were used.
P. vivax dbpII is under positive selection. Although 7 of 26 synonymous mutations were identified, the K s at the available synonymous sites in region II of the dbp was quite low. Both the average K s and the average K n indicate change in the primary amino acid sequence and have been used to distinguish between neutral (genetic drift) or positive selection [16] . K n :K s ratios 11 suggest strong positive selection favoring change, whereas ratios !1 suggest neutral selection [16] . When MEGA 2.0 was used to compare all of the sequences with each other, the mean (‫ע‬SE) Nei and Gojobori estimates for K n and K s were 0.010 ‫ע‬ 0.002 and 0.002 ‫ע‬ 0.001, respectively, for the DBPII region sequenced, giving a K n :K s ratio of 5.0, which was statistically significant as determined by paired t test ( , ). t p 5.513 P ! .0001 Effect of age on the number of unique P. vivax dbp haplotypes identified in an individual. It was assumed that adults had greater exposure to multiple strains of P. vivax and developed broader acquired immunity than did young children; thus, we reasoned that adults would have a reduced diversity of P. vivax dbpII. The number of individuals with multiple infections was estimated for the whole population, by RFLP analysis using restriction enzymes specific for variants at 5 polymorphic residues-those at positions 333, 378, 386, 390, and 447 (figure 1). The presence of both RFLP patterns indicated that individuals were infected with at least 2 P. vivax dbpII haplotypes. On the basis of this analysis, the proportion of multiply infected individuals could be estimated for the population determined to be positive by dbpII PCR. The estimated number of individuals with у2 P. vivax dbpII haplotypes was highest among 5-9-year-old children, and the number declined with age (figure 2) .
To examine whether this age-related decrease was restricted to the dbpII haplotypes or also occurred with other genes, we also estimated the multiplicity of infection by using size polymorphisms, as demonstrated by the presence of multiple bands after nested PCR, for the msp-3a gene, in all P. vivax-infected individuals (
). Similar to the results observed for the n p 288 dbpII polymorphisms, the estimated number of individuals with у2 msp-3a haplotypes also decreased with age (figure 2), although this estimation technique was not as sensitive. The presence of multiple P. vivax infections that was estimated by msp3a PCR was 64% concordant with that estimated by RFLP analysis of dbpII.
Since analysis of RFLPs and of size polymorphisms of parasite genes underestimates the true multiplicity of infection, we examined the sequence diversity for the dbpII gene from 7-10 clones obtained from 3 P. vivax-infected adults and 7 P. vivax-infected children (figure 1). Adults had, on average, half the number of unique P. vivax dbpII haplotypes that children had ( and , respectively; ) (figure 1). If, for n p 2 n p 4 P ! .05 example, the total number of unique mutations (i.e., 58; see above) was examined, children had an average of 6 (range, 4-7) clones, compared with an average of 3 (range, 2-6) in adults ( , Mann-Whitney U test). In addition, clones isolated P ! .05 from children had a greater number of polymorphic residues relative to the Sal-1 isolate ( ) than did those from adults n p 6 ( ) ( ; ), a finding that is consistent n p 0.6 t p Ϫ2.755 P p .02 with the correlation between age-associated immunity and reduced strain diversity.
Effect of age on the frequency of specific amino acid polymorphisms in DBPII. Since positive selection of the DBP may be directed at specific motifs that form B and/or T cell epitopes to control infection, we examined frequencies corresponding to each allele at the 8 polymorphic RFLP sites (see above), with respect to age in the P. vivax-infected population ( ). At position n p 358 447, the frequency of K, compared with that of S, decreased with age ( , ; ) (figure 3A). It is notable that, 2 x p 16.7 df p 5 P ! .001 at this position, the mutation from S (i.e., TCA) to K (AAA) involves a 2-bp change in all sequences examined and published, and no other amino acid substitutions were observed at this position. The synonymous GrA mutation that occurs at position 446 in sample 45 should not bias these data for the residue at position 497, since the frequency of this allele in the population is only 1/179 samples, as determined on the basis of SnaBI digest data and cloned samples. No age-related changes were observed in the frequency of 3 additional residues with synonymous mutations-namely, the residue for A325A (GrC; figure 1) , with C at an overall frequency of 0.02; the residue for R378R (CrT), with T at an overall frequency of 0.08; and the residue for K399K ) were infected with a n p 358 parasite that had lysine (K) and/or serine (S) at this position (see figure 1 ). The frequencies sum to 11 because some individuals had multiple infections and, thus, parasites with either allele. The frequency of K was greatest in children 0-14 years old ( , 2 x p 11.9 , ) .B, Number of individuals infected with P. vivax df p 1 P p .0005 that had the LKHK haplotype ( ). This number also decreased n p 41 with the age of the population ( ; ). No age-associated n p 28 P ! .05 change in the proportion of individuals infected with parasites containing the LKRK haplotype was observed. Haplotypes were determined by RFLP analysis of dbpII amplicons, as described in the Subjects, Materials, and Methods section. The residues shown in the haplotypes, from left to right, correspond to positions 333, 386, 390, and 447 (figure 1). ), lysine (K) n p 39 (447K; ), or both alleles (S/K) (447S/K; ). The pern p 24 n p 56 centage of children who were positive on the basis of blood-smear analysis was significantly lower in those with the 447S allele than in those with the other alleles (x 2 analysis, ; ). Geometricdf p 1 P ! .05 mean levels of parasitemia per microliter of blood, in individuals who were positive on the basis of blood-smear analysis, are shown above the bars. The levels of parasitemia were lower for parasites with the 447S allele than for those with either the 447K allele or the 447S/K allele (* ; Student's t test of log-transformed data). P ! .05 (ArG), with G at an overall frequency of 0.03. There were no age-related changes in the frequency of either allele at amino acids at positions 333 and 386 (nonsynonymous mutations). A decrease in the frequency of parasites expressing histidine at position 390 occurred only in individuals 130 years of age, in whom the frequency was 0.25, compared with 0.4 in younger individuals ( , ; ) .
The 447K allele may be linked with others alleles that show age-associated immune selection. Since parasites that have histidine as the amino acid at position 390 also decreased in older individuals, haplotypes that contained both alleles (i.e., 447K and 390H) were examined. One common haplotype was observed that contained LKHK (corresponding to amino acids at positions 333, 386, 390, and 447) (figure 1). Compared with LKRK and all other haplotypes, this condensed haplotype (i.e., LKHK) declined in frequency in P. vivax-infected individuals 114 years old ( , ; ) (figure 3B). By 2 x p 10.5 df p 2 P p .005 contrast, the haplotype LKRK, with an arginine at position 390, did not change in frequency with age ( figure 3B ), a finding that is consistent with the hypothesis that 390H and 447K may form part of the same discontinuous B cell epitope recognized by the host immune response.
Individuals infected with parasites with K at position 447 have increased levels of parasitemia. Since children !10 years of age harbored P. vivax parasites containing, at approximately equal frequencies ( ), either S or K as the amino acid at n p 30 position 447, we compared parasitemia levels in these children, to determine whether parasites with either S or K at position 447 could have a selective advantage. Children infected with only the 447K allele ( ) were more likely to be positive n p 24 by blood-smear analysis than were either those infected with only the 447S allele ( ; , ; ) ( figure   2 n p 39 x p 4.24 df p 1 P ! .05 4) or those infected with both variants ( ; ; 2 n p 56 x p 4.94 ). Mean parasite densities were also 2-3-fold higher in P ! .05 subjects infected with parasites containing the 447K allele (including S/K mixed infections), compared with those infected with only the 447S allele ( ; ). It is noteworthy F p 1.751 P ! .05 that 81% of P. vivax-infected subjects in the total population harbored parasites with the 447S allele and that 51% did so with the 447K allele. Variant-specific antibody response to different alleles at position 447. To determine whether the amino acid at position 447 forms part of a B cell epitope, we examined an array of overlapping synthetic 15-mer peptides spanning the critical binding motif of DBPII, using serum from P. vivax-infected or -exposed subjects (J. Xainli, M. Baisor, W. Kastens, and C. L. King, unpublished data). We identified a linear epitope that included position 447 (in boldface, YV(S/K)ELPTEVQKLKEK). Thirty-six (54%) of 67 individuals examined had antibodies that recognized this linear epitope (only positive responders are shown in figure  5 ). Ten subjects showed a significant difference, in reactivity, between peptides that contained K or S at position 447 ( ; P ! .05 Student's t test based on replicate samples) (figure 5B). Five of these individuals were PCR positive for P. vivax dbpII ( figure  5B ). In 4 of the P. vivax-positive individuals, the genotype of the parasite at position 447 was concordant with the higher antibody titer, as indicated in figure 5B. In the 3 subjects with greatest antibody reactivity shown in figure 5A , serial 2-fold dilutions were performed against the 2 variants. One of these subjects (shown in figure 5C ) demonstrates, at higher dilutions, a clear difference, in antibody reactivity, between the 2 alleles. There was no association with either age and whether an individual showed a difference, in antibody recognition, between the 2 alleles.
Discussion
In the present study, we have observed a high degree of allelic polymorphism in only specific regions of the P. vivax DBPII binding motif that interacts with DARC. Most of these mutations were nonsynonymous ones that produced amino acid substitutions that altered charge and, presumably, host immune recognition but that did not produce major amino acid changes that could greatly alter the tertiary structure of the molecule and, therefore, its ability to bind to erythrocytes. The predominance, in dbpII, of nonsynonymous mutations relative to synonymous mutations (i.e., a K n :K s ratio of 5.0), as well as the decline in frequency and diversity of dbpII haplotypes with age, suggests that DBPII is under strong positive selection within this local population. We also have determined that certain alleles preferentially declined in frequency with the development of age-acquired immunity. These observations suggest that polymorphisms of DBPII are maintained by frequency-dependent (balancing) immune selection that favors either uncommon alleles or alleles that are not highly immunogenic.
The overall decline in the proportion of individuals infected with multiple P. vivax dbpII haplotypes that occurs with increasing age supports the hypothesis that acquisition of strainspecific immunity is partially directed toward DBPII. Presumably, adults have developed partial immunity to multiple DBPII parasite strains such that, when they are infected, either the parasite is rapidly cleared or the duration and level of parasitemias are reduced, compared with those in immunologically naive children. P. vivax msp-3a haplotypes also declined in frequency with age. This merozoite surface protein may also be under immune selection [24, 25] . Its homologue in P. falciparum, PfMSP3, correlates with acquired immunity in humans [26] [27] [28] . Whether this age-related decline in the complexity of dbpII and msp-3a is a consequence of immune selection or is a result of the lower parasitemia in adults, which makes it more difficult to detect variants in the sample, cannot be determined on the basis of data currently available. Since PCR is much more sensitive than blood-smear analysis, a decline in parasite densities may not adequately reflect the ability of the PCR to detect uncommon clones. Nonetheless, these alternative explanations of the age-related decline in frequency in dbpII and msp-3a haplotypes are not mutually exclusive, particularly if the host immune response to DBPII and MSP3 contributes to acquired immunity. Ideally, the frequency of unique clones infecting individuals should be determined by polymorphic loci unlikely to be under immune selection, such as microsatellite alleles [29] .
Some DBPII alleles declined in frequency with age; others did not. Parasites that had K at position 447, for example, showed an almost 3-fold decline in frequency with age, compared with no age-associated changes in frequency in parasites with S at position 447. This suggests that substitution of K, a molecule that is highly charged in comparison to S, could generate a more recognizable epitope and result in preferential selection against parasites expressing this allele. The decline in frequency of the 447K allele among older (110 years of age) children and adults may have occurred because of a more recent introduction of 447K allele-expressing parasites into the population. Additional evidence that the residue at position 447 is under immune selection is the striking allele-frequency differences between populations. The frequencies of K and S at position 447 were 85% and 39%, respectively, in a PNG population in a different province (i.e., East Sepic), compared with the population reported here, in which the frequencies of K and S were 51% and 81%, respectively. By contrast, allele frequencies for K386N were identical in both populations (J. L. Cole-Tobian, P. A. Zimmerman, and C. L. King, unpublished data).
A large reduction in P. vivax prevalence also occurred after age 5-9 years, without much age-related change in the 447K allele, which suggests that either other alleles, other regions in DBPII, or other antigens are the principal targets of immune selection in this age group. A subset of parasites with a haplotype that contained both the 447K allele and the allele with histidine (H) at position 390 demonstrated an even greater age-associated decline in prevalence than did those with an arginine (R) at that position ( figure 3B ). This suggests stronger host immune recognition of parasites expressing both 447K and 390H, possibly because these alleles may form part of a discontinuous B cell epitope.
We have established that the residue at position 447 forms part of a B cell epitope recognized by P. vivax-exposed or -infected individuals. Antibodies in some partially immune individuals differently recognize peptides corresponding to each allele identified in the population (figure 5), demonstrating that host recognition of different variants can be strain specific. Plasma from many subjects showed similar antibody recognition of both alleles; this is not unexpected, since both parasite strains were present in the population and some immunological cross-reactivity likely exists. We failed, however, to observe higher titers of antibody to peptides containing 447K, versus 447S, with increasing age, as might be expected from the corresponding decline in the frequency of 447K relative to 447S. This lack of an association with age might be due to (a) the inability of a cross-sectional analysis to adequately reflect prior exposure to parasites with the different alleles (e.g., at the time of the present study, the 447S allele was more common in the population that was the 447K allele); (b) the possibility that 447K also forms part of a conformational B cell epitope (e.g., with residue 390H)-and that antibodies directed to just this peptide might not adequately reflect the effect that 447K has on the host antibody responses; or (c) the possibility that 447K forms part of a protective T cell epitope.
P. vivax parasites with novel alleles will more likely evade host immune recognition and thus cause illness through higher levels of parasitemia. The substitution, at position 447, of K for S might fit these criteria. The higher parasitemia levels in patients infected with parasites containing the 447K allele versus the 447S allele indicates either evasion of the immune system or a selective advantage to parasites containing the 447K allele (figure 4). We hypothesize that the presence of K may increase the parasite's affinity for DARC on erythrocytes and thus increase peripheral-blood parasitemia and, therefore, the success for transmission. Highly negatively charged residues have been identified to be important in binding motifs that link chemokines to their receptor [30] . This may be particularly important in PNG, where alleles conferring Duffy negativity have been reported only in the heterozygote form [31] , which reduces both DARC expression on erythrocytes [32] and adhesion to DBP ligand expressed on Cos-7 cells [33] . This explanation is unlikely for this allele. The frequencies of the 447K and 447S alleles were identical in DARC-positive heterozygotes and DARCnegative individuals (J. L. Cole-Tobian, P. A. Zimmerman, and C. L. King, unpublished data); however, direct binding studies might firmly exclude this hypothesis.
Host immune responses to multiple blood-stage antigens associated with parasite invasion of hepatocytes or erythrocytes likely contribute to acquired immunity to P. vivax. The possibility that host immune response to DBPII may be particularly important for immunity is suggested by greater levels of positive selection against this gene that are estimated by the K n :K s ratio (i.e., 5.0), compared with those estimated by the same method; these other polymorphic genes showed no evidence of positive selection. The polymorphic 418-bp 5 fragment of P. vivax apical membrane protein 1 K n :K s ratio is 1.6 [34] , that of block 4 of P. vivax merozoite surface membrane protein 1 is 0.35 [34] , and that of the 5 nonrepeat region of P. vivax circumsporozoite protein is ∼1.0 [35] .
In conclusion, these data support our hypothesis that certain polymorphic residues are protective epitopes and could be incorporated as part of a subunit vaccine. To better understand which epitopes associated with either polymorphic or conserved residues of DBPII contribute to immunity, longitudinal studies should be done in conjunction with further identification of T and B cell epitopes of DBPII. It should be remembered that these alleles are maintained by balancing selection and that new polymorphisms may appear. Therefore, the allelic components of a vaccine may have to be rationally modified.
